Intrinsic ripples in freestanding graphene have been exceedingly difficult to study. Individual ripple geometry was recently imaged using scanning tunnelling microscopy, but these measurements are limited to static configurations. Thermally-activated flexural phonon modes should generate dynamic changes in curvature. Here we show how to track the vertical movement of a one-square-angstrom region of freestanding graphene using scanning tunnelling microscopy, thereby allowing measurement of the out-of-plane time trajectory and fluctuations over long time periods. We also present a model from elasticity theory to explain the very-low-frequency oscillations. Unexpectedly, we sometimes detect a sudden colossal jump, which we interpret as due to mirror buckling. This innovative technique provides a much needed atomic-scale probe for the time-dependent behaviours of intrinsic ripples. The discovery of this novel progenitor represents a fundamental advance in the use of scanning tunnelling microscopy, which together with the application of a thermal load provides a low-frequency nano-resonator. T racking the movement of individual atoms has its origins in field ion microscopy 1 . The invention of scanning tunnelling microscopy (STM), however, marked the birth of a new era, famously allowing Mo et al. 2 , for instance, to observe the migration of Si atoms on the Si(001) surface and extract the activation energy for diffusion. Swartzentruber went a step further by programming the STM tip to physically follow each step of a single diffusing atom, thereby recording its site-tosite movement 3 . In this tradition, but for freestanding graphene, it would be ideal to monitor the out-of-plane motions of the carbon atoms. These fluctuations 4 are linked to the flexural phonon modes, which are critical to many of graphene's amazing properties, such as its previously unpredicted stability 5, 6 , anomalous negative coefficient of thermal expansion 7 and efficient thermal conductivity 8, 9 . The ripples that form 10,11 are also important for understanding transport properties in graphene, as they decrease the carrier mobility in freestanding membranes 12 , cause disruptive charge puddling 13 and induce strong pseudo-magnetic fields 14 . The ability to locally measure the thermal fluctuations as a function of time will open the door to directly testing their role in these and other important processes.
T racking the movement of individual atoms has its origins in field ion microscopy 1 . The invention of scanning tunnelling microscopy (STM), however, marked the birth of a new era, famously allowing Mo et al. 2 , for instance, to observe the migration of Si atoms on the Si(001) surface and extract the activation energy for diffusion. Swartzentruber went a step further by programming the STM tip to physically follow each step of a single diffusing atom, thereby recording its site-tosite movement 3 . In this tradition, but for freestanding graphene, it would be ideal to monitor the out-of-plane motions of the carbon atoms. These fluctuations 4 are linked to the flexural phonon modes, which are critical to many of graphene's amazing properties, such as its previously unpredicted stability 5, 6 , anomalous negative coefficient of thermal expansion 7 and efficient thermal conductivity 8, 9 . The ripples that form 10, 11 are also important for understanding transport properties in graphene, as they decrease the carrier mobility in freestanding membranes 12 , cause disruptive charge puddling 13 and induce strong pseudo-magnetic fields 14 . The ability to locally measure the thermal fluctuations as a function of time will open the door to directly testing their role in these and other important processes.
Here, we report the utilization of STM to precisely monitor the out-of-plane motions of a one-square-angstrom region in freestanding graphene for the first time. The observed fluctuations are found to exhibit random, periodic or mirror-buckling behaviour. The periodic oscillations have current-dependent characteristics, which are shown to be consistent with the predictions of elasticity theory under the influence of thermal stress. No other technique has demonstrated the ability to probe such low-frequency flexural phonon modes at the atomic scale, permitting direct investigation of the dynamic ripples that affect almost every property of graphene. We expect that the new technique will lead to new experiments in graphene, ranging from fundamental to thermal load applications.
Results STM tip interaction with freestanding graphene. Increasingly, STM is becoming the tool of choice to manipulate and map suspended graphene [15] [16] [17] [18] . As the STM tip approaches a roughened, freestanding graphene layer, depicted in Fig. 1a , it may have two significant effects on the sample. (For full system and sample descriptions, see Methods and Supplementary Fig. 1) The first depends on the potential difference V between the positively biased tip and the grounded sample, as demonstrated in the inset of Fig. 1b . When the voltage is increased from 0.1 to 3.0 V at a constant tunnelling current of 1.00 nA, the tip height increases 20 nm. From the size of this displacement and the requirement of constant current, we can conclude that the flexible graphene has also moved about 20 nm locally due to electrostatic attraction 19 . Since the electrostatic force depends quadratically 20 on the bias voltage (pV 2 ), we re-plot V 2 as a function of tip height in the main graph of Fig. 1b . The main plot is divided into four regions for discussion purposes: (I) low-bias voltages where V 2 o0.1 V 2 , (II) voltages between 0.1 V 2 and 1 V 2 , (III) voltages between 1 V 2 and 4 V 2 and (IV) voltages beyond 4 V 2 . In region (I) where the film has not been pulled very high, we believe the thermal contribution to the energy is much larger than the electrostatic one. After that, in region (II) where most of the height change happens, the electrostatic force (F e pV 2 ) is proportional to the height variation (DZ), and the system obeys Hooke's law (linear region). Next, in region (III) the electrostatic force is no longer proportional to the height variation, and the nonlinear effects become important. Finally, in region (IV) there is no further increase in the height with increasing voltage, meaning the graphene sheet is fully pulled up (that is, tense membrane boundary condition) and becomes inflexible.
The second important effect caused by the STM tip is heating of the sample by passing current through it, as evidenced in Fig. 1c . Here the tunnelling current is ramped from 0.01 to 1.00 nA at a constant tip bias of 0.1 V, and the displacement is À 20 nm. Note this behaviour cannot be due to an electrostatic effect. The tunnelling gap will be slightly reduced to accommodate the slightly larger setpoint current, but this would increase the electrostatic force, resulting in a height increase rather than a decrease. However, increasing the current does locally heat the graphene 21 . Thus, this behaviour can be attributed to the negative thermal expansion coefficient of graphene, which causes it to contract as the temperature of the graphene under the tip is increased. We assume that, in the steady state, the temperature rise under the tip is proportional to the power of the Joule heating at the junction (pI 2 ). Then the local height of the graphene under the tip decreases as h ¼ h 0 e À kI 2 due to contraction, where h 0 ¼ h(I ¼ 0) depends on V, while the constant k depends on graphene's thermal conductivity and expansion coefficient, as well as on the tip-sample separation D ¼ the decay constant c is 1 Å À 1 , and the contact resistance R 0 is typically 13 kO. However, at constant V we can let D ¼ a In(I) and determine the unknown parameters by fitting the total tip height
to the experimental data, as shown by the red curve in Fig. 1c , which is in good agreement with our experimental results. Note that the offset is necessary because the absolute starting height is unknown; it is set to zero for convenience. Although our fluctuation measurements take place at a constant voltage V 0 and constant current I 0 , the two simple experiments above clearly indicate that the chosen tunnelling parameters may have a significant impact on our results.
Fluctuation behaviours of graphene and theoretical analysis. Three different qualitative categories of behaviour can be distinguished among the collected fluctuation information. We call the first and most common type, featured in Fig. 2 , 'random' because no pattern or special feature is apparent. All data were recorded by taking a 0.1 nm Â 0.1 nm STM image on freestanding graphene, such as the example shown in Fig. 2a (lower image). To understand the size of this scan relative to the lattice of atoms in graphene, refer to the 0.1 Â 0.1 nm 2 outlined in the upper STM image, which was acquired separately from a stabilized region of the same freestanding graphene sample. The lower image (400 Â 400 data points) shows the height of the tip in a black-toorange-to-white colour scale and is oriented such that the slow scan direction is horizontal and the fast scan is vertical. Note that significant changes in height rarely occur within a single vertical line. Therefore, a height-time signal was extracted along the slow scan direction by averaging the 400 points in each vertical line, resulting in a sampling frequency of 1 Hz over 400 s, as shown in Fig. 2b . The unique power of this technique is that it effectively monitors the vertical position of a one-atom sized region for a long period of time. Normal imaging covers too large an area to determine how any one location changes on a short timescale, and spectroscopy measurements like those in Fig. 1 happen too quickly to observe these fluctuations, though focused in one spot. The result on freestanding graphene is that the height displacements greatly exceed the scale of the scan area. In this low bias regime (0.01 V), thermal energy is dominant 22 . The graphene height in Fig. 2b fluctuates around zero (average height was subtracted from the raw data) with a s.d. of 1.47 nm, an indication of the amplitude of wrinkles present in graphene (see Supplementary Fig. 2 ). For comparison, data taken in exactly the same manner on a sample of gold are also plotted, showing only the smallest changes in height over the entire scan. In addition, we always verify that graphene is indeed moving with the tip by measuring the tunnelling current as a function of time, displayed in Fig. 2c . It is almost constant at the setpoint value (0.2 nA), and the variations that do occur are not large enough to account for 3 nm fluctuations in the tip height without the sample also moving. We further characterize each height-time data set by calculating its autocovariance function A(t), which is plotted in Fig. 2d . A(t) decays exponentially for random fluctuations, indicating that they are only correlated for short periods of time. In this example, the decay constant is 8 s.
When we increase the tunnelling current, freestanding graphene exhibits noticeable periodic oscillations as represented in Fig. 3 . Two samples of height-time data, taken at different currents but at the same location and the same low voltage (to avoid stretching), are displayed in Fig. 3a . The most noticeable difference is in the peak-to-peak amplitude; however, the fluctuations in both appear to have a roughly repeated character, which was confirmed by calculating A(t) for each curve, plotted in Fig. 3b . Its peaks share the periodicity of the signal, which is clearly around 100 s at 3 nA and 50 s at 5 nA. Conveniently, the linear susceptibility w(t) can also be obtained from A(t) according to
where k B is the Boltzmann constant and T is the absolute temperature 23 . dA/dt is therefore plotted as an inset for each curve in Fig. 3b and gives a maximum susceptibility of 5 nm 2 s À 1 . Furthermore,ŵ o ð Þ, the Fourier transform of w(t), can in turn be related to the power spectral density S(o) by the fluctuationdissipation theorem, which states
where o is the frequency. The periodogram, an estimate of S(o), was computed for the periodic results and plotted in Fig. 3c . 
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The 3 nA spectrum has a prominent maximum near a frequency of 0.01 Hz, and gives a maximum power spectral density of 9,000 nm 2 Hz À 1 . Meanwhile, the 5 nA spectrum peaks around 0.02 Hz and gives a smaller maximum power spectral density of 1,500 nm 2 Hz À 1 . These low-frequency peaks represent the dissipation of thermal energy through flexural acoustic modes near the Brillouin zone centre [24] [25] [26] . However, if we model the freestanding graphene sample as a doubly clamped resonator with length L ¼ 7.5 mm (see Methods) and mass density r subjected to an initial strain e, plate theory predicts a resonance frequency given by f
, where
is the Young's modulus. This results in frequencies in the GHz range 27 , which is much too large. Therefore, to explain the experimental data using elasticity theory, we must invoke a different mechanism. Since the measurements in Fig. 3a are performed in the limit of high electric current (that is, temperature) and low bias voltage (but it is not negligible, see Supplementary Note 2), there are additional terms in the stress tensor 28 :
where the Lamé coefficient m characterizes the shear rigidity of graphene, B ¼ Ym 4m À Y is the bulk modulus 29 and aE5 Â 10 À 6 K À 1 is the absolute value of the thermal expansion coefficient at room temperature. The last term represents the thermal stress due to the temperature gradient near the tip region and the supports. In the steady state, DT is constant for a given electric current. In the presence of thermal stress, using equation (4) 
where k is the bending rigidity of graphene, rD7.6 Â 10 À 7 kg m À 2 is the mass density and t ¼ À BaDT is the effective negative surface tension. Since DT40, equation (5) can result in low frequencies. The critical wave vector is determined as
Using typical values 12 of k ¼ 1.1 eV and B ¼ 208 Nm À 1 , we can estimate the critical wave vector, which attains realistic values for low DT. For example, at DTC10 K, DTC20 K and DTC100 K the corresponding wavelengths are around 26, 18 and 8 nm, respectively. Note that longer critical wavelengths would be expected when other external stress sources exist; for example, when scanning close to the boundary or in the presence of a strong asymmetry.
, we can rewrite equation (5) as
and for q near to q c equation (7) results in small frequencies and o qc / DT 2 . Therefore, the larger the electric current, the larger the frequency when q is very close to q c . We confirm this prediction in Fig. 3d by plotting the primary oscillation frequency as a function of I 2 and a linear trend line for four different scans obtained at the same low bias voltage. Furthermore, we can deduce based on the aforementioned theory that the bottom panel in Fig. 3a is more affected by thermal stress than the top panel. Also, the height variance should approximately obey /h 2 SpI À 4 , which is in agreement with these four different electric currents as shown in Fig. 3e . In fact, these results are evidence for the softening of flexural phonons in the case of compressive strain in graphene. This result has been theoretically predicted using density functional theory calculations combined with non-linear classical elasticity theory 7, 30 . The last category of fluctuations discovered appears to exhibit a 'mirror buckling' effect and is explored in Fig. 4 . The example STM image shown in Fig. 4a is very dark for the first fourth of the image and nearly white for the rest, signalling that a sudden jump has occurred, which is much larger than the variations before or after. A height-time profile, extracted in the manner previously described, is plotted in Fig. 4b to reveal that the membrane surprisingly undergoes an enormous 60 nm displacement around t ¼ 100 s but oscillates relatively little after the jump, somewhat similar to a critical transition. Examining the tunnelling current as a function of time as provided in Fig. 4c verifies that the sudden displacement is a real effect. Because the current is reasonably constant at 4 nA except for a spike coinciding with the jump in height, and since the spike is well below the system's saturation current of 50 nA, tunnelling was never compromised. Height profiles such as this yield an unusual A(t), plotted in Fig. 4d . It takes a much longer time to decay, and its value at t ¼ 0 (equivalent to the variance /h 2 S) is anomalously large. The snap-through behaviour can typically be produced by performing a series of scans at progressively larger currents, keeping the voltage constant. The Fig. 4 data were part of such a series, and the variance from each successive scan is recorded in Fig. 4e . The large peak at 4 nA corresponds to the critical-like transition, which normally only occurs once as the current is increased within these limits, but not always at the same current.
This unusual and unexpected event is a result of heating the sample in the presence of an attractive force. We can interpret this effect as due to mirror buckling of a thin shell. For example, for a spherical shell with radius R, the critical pressure that causes mirror buckling is estimated as 31 Fig. 4f . During Stage 1 (also labelled in Fig. 4b ), the height increases as the tip begins to deform the bowl. A metastable state is reached at Stage 2 where the force is not large enough to keep altering the local graphene configuration. However, the critical pressure is finally reached as the temperature continues to rise, leading the system to suddenly switch to the more stable bump shape shown in Stage 3.
The ripples of freestanding graphene were first imaged using STM in the pioneering work of Zan et al. 15 They were able to establish the general topography of the ripples, which is the critical link to the general stability of 2D systems. What they found, using a STM set-up similar to ours, was that the height of the ripples is on the order of 1 nm and that the wavelength is on the order of 5 to 10 nm. The researchers also report that the ripple structure is static in time and is stable enough to repeatedly image the surface topography. At first, this seems to contradict our results. However, Zan et al. 15 also report that the freestanding graphene sheet has regions that are too unstable to image with the STM (that is, when they look in a region far from the copper bar supports). This is also what we found. The surface of the graphene fluctuates too quickly for the STM to acquire constantcurrent images of the surface topography. However, we have been able to tunnel into the graphene sheet at that one spot, maintain a constant current and record the height changes occurring in time.
Sometimes the surface will spontaneously stabilize as shown in Fig. 4b , and then, if it stays that way, it can be imaged with the STM.
Discussion
We have here demonstrated a way to gain unprecedented insight into the dynamics of ripples of freestanding graphene using the versatility of STM. While imaging an area corresponding to a single carbon atom, the vertical movement of the graphene is easily monitored with unparalleled precision. A degree of control over the shape and temperature of the membrane is applied through changing the tunnelling parameters. The observed fluctuations are generally large and can be sorted based on exhibiting random, periodic or mirror-buckling behaviour. In particular, the periodic oscillations and their current-dependent characteristics were shown to be consistent with the predictions of elasticity theory under the influence of thermal stress. No other technique has demonstrated the ability to probe such lowfrequency flexural phonon modes at the atomic scale, permitting direct investigation of the dynamic ripples that affect almost every property of graphene. Furthermore, the biological timescale of the fluctuations (50 and 100 s) observed here advanced our fundamental understanding of membrane dynamics. We expect that the new technique will lead to new experiments in graphene, ranging from fundamental to advanced quantum charge control and thermal load application.
Methods
Scanning tunnelling microscopy. An Omicron ultrahigh-vacuum (base pressure is 10 À 10 mbar), low-temperature model STM, operated at room temperature, was used to obtain constant-current STM images of gold and freestanding graphene, as well as feedback-on measurements of tip height as a function of either bias voltage or setpoint current. In this system, the tip points upwards at the downward-facing sample surface. All images were collected at a scale of 0.1 nm Â 0.1 nm, at a scan rate of 0.2 nm s À 1 and had 400 data points per line with 400 lines per image. For each line, the topographical data were collected simultaneously with the tunnelling current in both the forward and backward scanning directions. In this way, each line took 1 s to complete for a total of 400 s per image. All STM images presented are 400 Â 400 pixels and have a black-to-orange-to-white colour scale. The electronics (cabling and preamplification in particular) used for these experiments effectively act as a low-pass filter with a bandwidth ( À 3 dB) of approximately 800 Hz. In addition, the speed at which we acquire digital data is 800 points per second, so we have a maximum frequency of 800 Hz that we can measure. Finally, for the height-time data presented in Figs 2-4 we collect digital data for 400 s, giving us a minimum detectable frequency of 0.0025 Hz. The error bars added to Fig. 1b,c represent We have collected numerous data sets from each location we studied; we have studied numerous locations on each sample and we have studied many different samples.
The graphene was grown using chemical vapour deposition 33 , then transferred onto a 2000-mesh, ultrafine copper grid-a lattice of square holes 7.5 mm wide and bar supports 5 mm wide-by the commercial provider. At the STM facility, this grid was mounted on a flat tantalum sample plate using silver paint and transferred through a load-lock into the STM chamber, where it was electrically grounded for all experiments. Data were acquired using tips manufactured in-house by electrochemical etching of polycrystalline tungsten wire, using a custom doublelamella set-up with automatic gravity-switch cutoff. After etching, the tips were gently rinsed with distilled water, briefly dipped in a concentrated hydrofluoric acid solution to remove surface oxides and loaded into the STM chamber. A positive bias voltage was applied to the tip in all experiments.
These are difficult STM measurements, so we are adding some extra details here about our effort. First, the freestanding graphene is attached to only one side of the Cu grid. From our scanning electron microscope and energy dispersive X-ray analysis experiments (not reported here), we have confirmed that the freestanding graphene covers 90% of the surface and is free of detectable contamination. We have successfully done the experiments reported here with the freestanding graphene side of the sample facing up as well as facing down. When the sample is facing down, the Cu grid is supported on a stand-off support so the graphene cannot come into contact with the STM sample holder. The STM tip monitors the freestanding graphene through the holes of the Cu grid, and we have had fewer problems with stability in the downward-facing configuration. When the sample is loaded into the STM load-lock chamber, only lamp-type heating is applied, and no other heating or annealing is done to the sample. We are concerned that excessive annealing may cause macroscopic texturing due to the Cu grid expanding and the graphene contracting during the heating process 11 . About 10% of the time, after approaching the freestanding graphene surface, the STM cannot establish stable constant-current tunnelling and we move to a new location. Most of the time, we can establish stable constant-current tunnelling, but once we attempt to acquire an STM image of any appreciable size the constant-current tunnelling cannot be maintained. Consequently, we reduced the scan size to a single spot and then recorded the movement of the surface in time while maintaining a constant tunnelling current. consider field-emission resonance effects at these low voltages [35, 36] .
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Supplementary Note 1: Contributions to tip height
The tip height Z is the sum of the local height of graphene h just below the tip (we call it buckling) and the tip-sample distance D, namely
In order to obtain Z as a function of bias V and tunneling current I, we evaluate in the following the functional behavior of the separate contributions.
Tip-sample distance. The resistance of the junction between a STM tip and the sample surface does not obey Ohm's law, but depends strongly on the tunneling current I which is an exponential function of the tip-sample separation D. The resistance is given by
where both R 0 and c depend on the tip-sample contact and can be obtained from the fit to the experimental data. However, R 0 is of order ħ/2e 2 = 12.9 kΩ, and c 
This shows that D increases logarithmically either if V increases or I decreases while the other quantity is kept fixed.
Graphene unbuckling due to heating. The Joule heating of power P = VI =RI 2 increases the temperature of graphene locally underneath the tip. Because of its negative thermal expansion coefficient, graphene contracts and as a consequence the buckling decreases. This unbuckling depends on the temperature rise and therefore on I. The generated temperature gradient causes the heat dissipated in the junction to be conducted through the graphene sheet (and tip). Under steady state conditions, the temperature radial profile throughout the graphene layer, which is centered at the junction point, is approximately given by T (r) = T j − bln(r/r j ) where r is the radial distance from the junction with an effective radius of r j and temperature T j , and the constant b depends on 5 the thermal conductivity and the dissipated power P. Therefore, the temperature rise is localized around the junction; however, because of the high thermal conductivity of graphene it propagates away.
To first approximation the change in height of graphene is linear with increasing electrical current, which is related to a temperature change by a "linear expansion coefficient." We have fixed the bias voltage which corresponds to fixing the electrostatic force exerted on graphene, and the only source for height variation is a temperature effect. Assuming that the temperature difference at each position relative to the edges is proportional to the square of the electric current, a fractional change in length per degree of temperature in the linear regime may be written as: (4) where h is the height of graphene as measured from below the tip (and h 0 is the height when I = 0), and k is a constant proportional to the linear thermal expansion of graphene,
i.e. α ≈ 5 × 10 −6 K -1 . The negative sign is due to the negative thermal expansion of graphene.
Graphene buckling due to electrostatic force. The electrostatic force between a biased tip and the sample is [20] 
where the capacitance gradient C' depends on the tip-sample geometry and their separation and thus on h and D. Indeed, V T should be used instead of V, but since R G << R T , we have V = V T . In the approximation that Hooke's law holds in the z direction upon stretching graphene, we have (6) where K is the corresponding spring constant and h = 0 is set to the upstretched graphene.
Solving equation (Eq. (6)) for h is not straightforward because C' depends in a complex way on h (and also D). For the sake of simplicity, we assume that C' remains constant and obtain ( )
It is useful to estimate the change in h for typical biases. 
and thus for 0 ≤ V ≤ 3 the graphene layer buckling towards the tip is less than h ∼ 4.5 nm which is substantially smaller than the measured tip motion, i.e. up to 20 nm. Therefore we need a smaller spring constant which is about an order of magnitude smaller:
, a value typical for a buckled membrane, i.e. it is rippled (with enough area for releasing when it is pulled up by the tip) around and even under the tip, see Supplementary Fig. 2 . This is reasonable because in high bias voltage experiments, graphene becomes tense without additional area to be released. These situations are depicted in Supplementary Fig. 2 . In the low bias voltage experiments the spring constant should not be the same as those reported in Ref. [34] because there are large amplitude wrinkles present which make graphene softer. 
and φ = cosh 
the results become more accurate n(r) ≈ n 1 + n corr (14) For example, if D = R, the error of the latter is within 0.5% over the whole range of r. For D = R/2 and D = 2R the error is within 3% and 0.06%, respectively. Moreover the electrostatic energy stored between the tip and graphene is given by
and the electrostatic normal tension exerted on the plane by the sphere (STM tip) is
For large bias voltage this electrostatic stress should be balanced by either boundary tension or thermal stress.
8
Supplementary Note 3: Low frequency vibrations of suspended graphene
The dynamics of out-of plane fluctuating graphene membrane subjected to a STM tip can be explained using the elastic Lagrangian density (17) where is the kinetic energy where ρ = 7.6 × 10 −7 Kgm -2 is the mass density of graphene. The potential energy of fluctuating graphene with local height h(x) in the presence of a STM tip can be written as
where λ and μ are the Lamé coefficients, τ ij is the external thermal stress due to the temperature gradient between the contact area and the boundary, and H e is the electrostatic energy term defined in Eq. (15) . The first term in the integral represents the out-of-plane energy mode (with κ 1.1 eV being the bending rigidity), and the second term represents the in-plane stretching energy mode [12] . Here ε is the internal strain of the membrane.
In the presence of a temperature gradient between the graphene region underneath the tip and the boundaries that support the graphene, the thermal stress tensor can be written as
where B 208 N/m is the two dimensional bulk modulus of graphene and α is the absolute value of the thermal expansion of graphene.
For the low bias voltage regime, τ n is negligible. The buckled region of the membrane below the tip with hemispherical shape (of radius a ∼ nm) experiences an electrostatic tension from the tip and also boundary stress due to the thermally induced negative surface tension. These two terms can be compared by employing the Young-Laplace equation and Eq. (12) for the charge density over the graphene sheet (since n(r) < n(0)):
